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SUMMARY 
Lubricating materials f o r  use i n  a vacuum environment have been t h e  
subject  of a series of experimental invest igat ions.  Evaporation proper- 
t i es  were evaluated f o r  so l id  polymeric compositions. F r i c t ion  and wear 
s tud ies  explored the  behavior during s l id ing  contact f o r  s e r i e s  of poly- 
meric compositions, binary a l loys  containing s o f t  film-forming phases, 
complex a l loys  with film-forming materials,  and a burnished MoS2 film. 
F r i c t ion  and w e a r  experiments were conducted a t  lom9 m Hg with a 
3/16-inch-radius-hemisphere rider specimen s l id ing  on the  f la t  surface of 
a r o t a t i n g  %inch-diameter d i sk  specimen with mater ia l s  t h a t  had low 
rates of evaporation. The influence of  f i l l e r s  i n  polytetraf luoroethylene 
(FTFE) on decomposition during vacuum f r i c t i o n  s tudies  w a s  determined with 
a mass spectrometer. 
proving f r i c t i o n  and wear proper t ies  i s  gained by adding f i l l e r s  (e.g., 
copper) t h a t  improve thermal conductivity through t h e  composite mater ia ls .  
A polyimide and an epoxy-MoS2 composition mater ia l  were found t o  have 
b e t t e r  f r i c t i o n  and wear proper t ies  than PTFE compositions. 
1 
A real advantage i n  reducing decomposition and i m -  
A s e r i e s  of alloys ( c a s t  binary as w e l l  as more complex a l loys)  t h a t  
contained microinclusions of po ten t ia l  film-forming material w a s  studied. 
These materials replaced t h e  normal surface oxides as they were worn aww 
on s l i d i n g  contact. I ron sulf ide,  nickel oxide, and t i n  are  typ ica l  film- 
forming materials employed and were demonstrated t o  be e f f ec t ive  i n  in- 
h i b i t i n g  surface welding and reducing f r i c t i o n .  
A burnished MoSZ f i lm  applied t o  type 440-C s t a i n l e s s  s t e e l  i n  argon 
with a ro t a t ing  s o f t  wire brush had good endurance proper t ies  bu t  some- 
what higher f r i c t i o n  than commercially ava i lab le  bonded fi lms. An o i l  
f i lm  applied t o  the  burnished MoS2 markedly reduced i t s  endurance l i f e .  
INTRODUCTION 
There a r e  many types of mechanical devices t h a t  must be capable of a 
wide vas i e ty  of duty cycles f o r  extended time periods i n  space environ- 
ment without t h e  weight penal ty  of sealed systems (refs. 1 and 2). Con- 
vent ional  l ub r i can t s  may not be useful  f o r  extended time periods because 
of evaporation or dissoc ia t ion  a i  i o w  pi-ess-ici-es ( r e f s .  3 t o  7) .  cor,- 
vent ional  th in- f i lm lub r i ca t ion  prac t ice  u t i l i z e s  normal oxide films on 
me ta l l i c  surfaces.  Wen i n i t i a l  oxide f i l m s  are worn away, ruptured, 
dissociated,  o r  otherwise removed from bearing surfaces  i n  oxygen- 
d e f i c i e n t  environments such as space, conventional organic and other  
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l ub r i can t s  cease t o  funct ion i n  t h e  usual  manner ( r e f .  8).  Further, when 
t h e  lubricant  and t h e  normal pro tec t ive  oxide f i lms are removed, most 
metals are subject  t o  in t e r f ace  welding during s l i d i n g  and r o l l i n g  ( r e f s .  
9 t o  11). Thus, low pressure and lack  of oxygen a re  t h e  two primary fac- 
t o r s  i n  space environment t h a t  make lub r i ca t ion  d i f f i c u l t .  
The primary problem f o r  l ub r i ca t ion  of space devices i s  one of se- 
l e c t i n g  designs and lub r i ca t ing  mater ia ls  t h a t  w i l l  not s u f f e r  prohib- 
i t i v e  evaporation or dissoc ia t ion  and w i l l  funct ion t o  permit operation 
of surfaces i n  r e l a t i v e  motion with low shear force  ( f r i c t i o n ) ;  mechanical 
p a r t s  should be made of materials having minimum s u s c e p t i b i l i t y  t o  surface 
welding. Special design consideration must be given t o  t h e  d i f f i c u l t  
problems of d i s s ipa t ing  f r i c t i o n a l  heat from devices operating i n  vacuum 
as w e l l  as of minimizing heat generation. 
Based on experience from both laboratory experiments and bearing 
appl icat ions i n  s a t e l l i t e  experiments, it has been found t h a t  two primary 
approaches t o  the  problems of l ub r i ca t ion  i n  space devices can be used. 
F i r s t ,  t h e  systems concept provides f o r  t h e  operation of conventional 
lubr icants  and mater ia l s  i n  sealed systems. Where low-vapor-pressure 
organic lubr icants  a re  used and t h e  s e a l  problem i s  i n  t h e  regime of mo- 
l e c u l a r  f l o w  with modest temperatures (<200° F) , s ign i f i can t  endurance 
can be achieved f o r  l i g h t l y  loaded bearings. The radiometer bearings i n  
Tiros I1 of fe r  a good example of t h i s  systems concept ( r e f .  1 2 ) .  Because 
s e a l  leakage i s  a funct ion of pressure r a t i o  i n  the  regime of pressure 
flow, complex seal ing assemblies a re  required where pressurized systems 
must be sealed against  space environment f o r  extended time periods. 
Second, the  mater ia ls  concept requires  t he  se l ec t ion  of s t a b l e  m a t e -  
rials f o r  use i n  d i r e c t  exposure t o  space environment. F r i c t iona l  heat 
complicates t h e  problem of degradation of l ub r i ca t ing  mater ia ls .  Films 
of inorganic compounds (e. g., MoSZ, WS2, WSe2, etc.  ), s o f t  metals (e.  g., 
Ag, Au, etc. ) , so l id  polymers (e.  g., polytetrafluoroethylene, polychloro- 
t r i f luoroethylene,  polyimide, e tc .  ) , and l i q u i d  metals (e. g., gallium) 
have low vapor pressures and can provide lub r i ca t ion  f o r  extended time 
periods i n  d i r e c t  exposure t o  vacuum ( re f s .  1, 3, and 13 t o  25).  Any pre- 
formed f i l m  will have a f i n i t e  endurance l i f e  t h a t  can be adversely af- 
fected by the evaporation tendencies and reduced heat t r a n s f e r  t h a t  a r e  
cha rac t e r i s t i c  of vacuum operation. I n  regard t o  hea t  d i ss ipa t ion ,  t h e  
polymers require spec ia l  considerat ion because of poor hea t - t ransfer  prop- 
erties. I n  t h e  i n t e r e s t  of extended endurance l i v e s ,  so l id  mater ia l s  in-  
cluding a lubr ica t ing  const i tuent  i n  the  s t rxc tu re  can be usefu l  ( r e f s .  
20 and 21).  The use of f i l l e d  polytetraf luoroethylene (FTFE) compositions, 
for example, f o r  r e t a ine r s  of ro l l ing-contac t  bearirrgs, f o r  b a l l  sockets 
used i n  gimbal bearings, f o r  i d l e r  gears t o  reform f i l m s  on operating 
gears, and f o r  s l i d ing  bearings can be useful .  
L i t t l e  has been done t o  develop optimum bearing mater ia l s  and designs 
f o r  vacuum operation. The performance of s o l i d  l ub r i can t s  can be improved 
by proper select ion of bearing materials ( r e f .  24) .  Design configurations 
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f o r  m i n i m u m  heat generation and optimum heat  d i s s ipa t ion  a re  des i rab le  
(ref. 1). 
I n  the  area of se lec t ion  of bearing materials with l e a s t  p robab i l i t y  
f o r  harmful surface welding, it has been demonstrated t h a t  c e r t a i n  a l loys,  
such as a cas t  cobal t  a l l oy  containing s i l icon ,  have usefu l  proper t ies  
(ref. 26). 
inclusions i n  those al loys,  but could a l s o  be a p a r t i a l  contr ibut ion of 
t h e  hexagonal s t m z t u r e  =f cobalt. 
i n  a l loys  replace the  normal surface oxides as they a re  worn aww. Almost 
any combination of c lean metals w i l l  show surface-welding tendencies dur- 
ing  s l i d i n g  contact; both mechanical adhesion and al loying can be obtained 
at the  in t e r f ace  when complete f i l m s  of l ub r i can t s  or other  surface con- 
taminants (such as oxides) cannot be maintained. Strollg janct ions can be 
establ ished by (1) in te r f ace  diffusion or al loying and (2)  mechanical ad- 
hesion from in ter locking  of surface i r r e g u l a r i t i e s  and p l a s t i c  flow of 
materials. During r e l a t i v e  motion, cold welding can occur even at cryo- 
genic temperatures (ref. 27). Surface adhesion i s  a fundamental f a c t o r  i n  
lub r i ca t ion  processes according t o  the most widely accepted concepts of 
f r i c t i o n  between so l id  surfaces (ref. 8). Metals with hexagonal c r y s t a l  
s t ruc tu res  show less tendency f o r  harmful adhesion than metals with cubic 
s t ruc tu res  ( r e f .  28). 
These proper t ies  m a y  r e su l t  f rm s t a b l e  compounds present  as 
Cozpounds present  as microinclusions 
The object ive of t h i s  paper i s  t o  review t h e  recent research on l u b r i -  
ca t ing  materials f o r  vacuum conducted at t h e  NASA L e w i s  Research Center. 
The concepts on which this work w a s  based have been previously reported 
and are summarized i n  t h e  preceding paragraphs. The experimental evalua- 
t i o n  of l ub r i ca t ing  materials was obtained i n  f r i c t i o n  and wear experi- 
ments performed i n  vacum chambers at pressures  of lo-’ mm Hg or l ess .  
Evaporation experiments t o  determine s t a b i l i t y  of materials i n  vacuum have 
also been conducted. The types of mater ia ls  invest igated included so l id  
polymers, so l id  inorganic lubricants ,  and c a s t  a l loys  having film-forming 
microinclusions. 
ences 19, 20, 26, 29, 30, 31, and 32. 
The d a t a  reported herein a re  taken mostly from re fe r -  
Evaporation Studies 
The evqmrn t , fnn -yc t . e  q p r ~ t i i s  i i s e d  f n  t , h f s  s t ~ i d y  is show- sphemzt- 
i c a l l y  i n  f igu re  1. The specimen, which had a 5/16-inch-diameter exposed 
surface area, was suspended i n  a platinum pan from an e lec t ronic  balance 
( s e n s i t i v i t y ,  20.01 mg) i n t o  t h e  mouth of a wire-wound tungsten cy l indr i -  
c a l  furnace. About 1.0 inch above the furnace w a s  a copper condensing 
p l a t e  t h a t  w a s  l iquid-ni t rogen cooled. The liquid-nitrogen-cooled sh ie ld  
w a s  provided t o  condense t h e  evaporating species as completely as possible.  
The e n t i r e  apparatus w a s  enclosed i n  a g l a s s  be l l  jar system, and pressure 
within t h e  system w a s  measured with a nude hot-cathode ion iza t ion  gage ad- 
jacent  t o  t h e  evaporating system. 
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Fr ic t ion  and Wear Studies 
The apparatus used i n  t h i s  inves t iga t ion  i s  shown i n  f igu re  2. The 
1 
bas ic  elements of t h e  apparatus were the  specimens (a  %-in.-diam. f la t  
d isk  and a 3/16-in.-rad. r i de r )  mounted i n  a vacuum chamber. 
specimen was driven by a magnetic dr ive  coupling. The coupling had two 
20-pole magnets 0.150 inch apart  with a 0.030-inch diaphragm between mag- 
net  faces. The d r ive r  magnet t h a t  w a s  outs ide t h e  vacuum chamber w a s  
coupled t o  a hydraulic motor. The i n t e r n a l  magnet w a s  covered completely 
with a nickel-alloy housing (cutaway drawing i n  f ig .  2) and w a s  mounted 
on one end of t h e  sha f t  within the  chamber. The end of t h e  sha f t  t h a t  
w a s  opposite t he  magnet car r ied  the  d isk  specimen. 
The disk 
The r i d e r  specimen w a s  supported i n  t h e  specimen chamber by an arm 
t h a t  w a s  mounted from a gimbal and sealed t o  t h e  chamber with a bellows. 
A l inkage a t  the  opposite end of t h e  r e s t r a in ing  arm from t h e  r i d e r  speci- 
men, w a s  connected t o  a strain-gage assembly t h a t  was  used t o  measure 
f r i c t i o n a l  force. The load w a s  applied through a deadweight loading 
system. 
Attached t o  t he  lower end of  t h e  specimen chamber w a s  a 400-l i ter-  
per-second ioniza t ion  pump and a mechanical forepump with z e o l i t e  and 
l iquid-nitrogen cold t raps .  The pressure i n  t h e  chamber w a s  measured ad- 
jacent  t o  the  specimen with a nude hot-cathode ion iza t ion  gage. I n  t h e  
same plane as the  specimens and ion iza t ion  gage w a s  a diatron-type mass 
spectrometer f o r  determination of gases present i n  t h e  vacuum system. 
c o i l  made from 20 f e e t  of 3/16-inch-diameter s t a i n l e s s  s t e e l  w a s  used for 
l iquid-ni t rogen or liquid-helium cryopumping of t h e  vacuum system. 
A 
EXPERIMENTAL PROCEDURE 
Evaporation Studies 
Each sample w a s  placed i n t o  the  system and t h e  system w a s  then 
evacuated. mm Hg w a s  reached, a 
2-hour outgassing of t he  specimen at 200° w a s  i n i t i a t e d .  The purpose of 
t h e  outgassing was t o  remove entrained gases and water from t h e  specimens. 
I n  some instances (e. g., PTFE) outgassing periods t o  24 hours were used, 
and t h e  r e s u l t s  were compared with those obtained f o r  t h e  sho r t e r  time 
period. After completion of t he  outgassing phase, t h e  sample w a s  cooled 
t o  room temperature, and t h e  evaporation experiments were s ta r ted .  A t  t h e  
lower ambient temperatures, t h e  specimen w a s  held at spec i f i c  temperatures 
f o r  as long as 8 hours; at higher temperatures, meaningful d a t a  could be 
obtained i n  much shor te r  per iods of time. 
When an ambient pressure of lo-? t o  
F r i c t i o n  and Wear Studies 
The specimens used i n  t h e  f r i c t i o n  and wear experiments were machined 
t o  s ize .  The metal disks  were c i rcumferent ia l ly  f i n i s h  ground t o  a surface 
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roughness of 4 t o  8 microinches. Before each experiment t h e  m e t a l  speci-  
mens were given the  same preparatory treatment: 
acetone t o  remove o i l  and grease, (2)  pol ishing with moist levigated alu- 
mina on a s o f t  pol ishing cloth,  and (3) thorough r in s ing  with t a p  water 
followed by e thyl  alcohol. 
used. 
(1) thorough r in s ing  with 
For each experiment a new s e t  of specimens w a s  
RESULTS AND DISCUSSION 
Evaporation Studies 
One of t h e  important proper t ies  t h a t  must be considered i n  t h e  selec- 
Evaporation-rate experiments were therefore  conducted with var i -  
t i o n  of l ub r i ca t ing  materials f o r  space appl ica t ions  i s  evaporation ten- 
dencies. 
ous mater ia l s  i n  vacuum. 
The evaporation r a t e s  f o r  t h r e e  polytetraf luoroethylene (€%?E) composi- 
t i o n s  were determined. The materials examined were an extruded XF% com- 
pos i t i on  and two molded materials,  PTFE No. 1 and PTFE No. 6. The r e s u l t s  
of f i gu re  3 ind ica t e  t h a t  all th ree  compositions exhibited lower evapora- 
t i o n  rates at the  higher temperatures than d i d  an ea r ly  commercial PTFE 
composition (shown as t h e  reference curve i n  f ig .  3). 
su l ted  from such f ac to r s  as improved pu r i ty  (lower number of contaminants 
t o  i n i t i a t e  decomposition mechanisms), mare e f f i c i e n t  polymerization, 
and/or a narrower molecular weight d i s t r ibu t ion  range (with higher average 
molecular weight). 
t i o n  r a t e  than t h e  two molded compositions. With both molded compositions 
a r e l a t i v e l y  low rate of  evaporation w a s  measured at ambient temperatures 
t o  800' F. Above 800' F, as indicated from t h e  data, decompositAon began 
t o  inf luence markedly t h e  measured evaporation ra tes .  
ca t e  that, i f  minimum evaporation r a t e  i s  required, t h e  molded composi- 
t i o n s  mqy  be more desirable .  
This m v  have re- 
The extruded composition exhibi ted a higher evapora- 
The r e s u l t s  ind i -  
A r e l a t i v e l y  new development i n  s c l i d  polymers i s  t h e  polyfmide 
(ref. 31). I n  order t o  determine the  s t a b i l i t y  of t h i s  mater ia l  i n  vacuum 
some evaporation-rate experimerits were conducted. The r e s u l t s  obtained i n  
these  experiments are presented i n  figure 4. 
500' F t h e  evaporation r a t e  was less than gram per  square centimeter 
pe r  second. 
ever, t h e  polyimide material appears very a t t r a c t i v e  f o r  use i n  Vacuum. 
A t  ambient temperatures t o  
Above 500' F t he  weight l o s s  w a s  qu i t e  high s ince t h e  mate- 
ria,~. luegriils t o  4ec0111p5e iii tliis i - e g i ~ ~ .  ~t t e r ; ; ~ ~ r z t u ~ e ~  to ~ c ) c O  F, how- 
The evaporation r a t e s  f o r  two epoxy compositions were a l s o  determined 
The i n  vacuum. 
r e s u l t s  obtained are presented i n  f igure  5. The evaporation r a t e  f o r  t h e  
epoxy PTFE composition was s i m i l a r  t o  t h a t  observed with t h e  "E at  tem- 
pera tures  below 700' F. Above 700' F the  evaporation r a t e  began t o  increase 
markedly. The epoxy MoSZ composition exhibited no measurable evaporation 
rate at ambient temperatures t o  600° F. 
1 os s increased appre c i ably. 
The material compositions were epoxy MoSz and epoxy FTFE. 
Above 600' F, however, t he  weight 
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Figure 6 i s  presented as a basis f o r  comparing t h e  evaporation d a t a  
f o r  t h e  polymers j u s t  described with other  l ub r i ca t ing  materials of i n t e r -  
est. 
i n  reference 3. Important t o  t h e  subsequent discussion are t h e  r e l a t i v e  
evaporation r a t e s  for MoS2 and t i n  s ince they are u t i l i z e d  i n  f r i c t i o n  and 
w e a r  experiments t o  be described. 
The d a t a  shown f o r  PTFE was f o r  t h e  ea r ly  commercial product reported 
S t a b i l i t y  of Oxides 
The data  of f igu re  7 i nd ica t e  t h e  oxygen p a r t i a l  pressures t h a t  a r e  
required f o r  t he  d issoc ia t ion  of metal oxides at various temperatures. 
all oxygen pressures above the  curve, oxidation of metal can occur, while 
a t  all pressures below the  curve, d i s soc ia t ion  of t h e  oxide occurs i n  ac- 
cordance with t h e  equation t h a t  accompanies t h e  curve. 
i s  increased, t he  reac t ion  k i n e t i c s  ( r a t e )  f o r  t h e  formation of surface 
oxides i s  increased. If t h e  oxygen pressure i s  held constant, however, t h e  
tendency f o r  t h e  oxygen t o  bond t o  t h e  metal w i l l  decrease, and at some 
point  (curve) the  energy i s  g rea t  enough t o  i n h i b i t  oxide formation. Ex- 
amination of t he  d a t a  of f i gu re  7 i nd ica t e s  t ha t ,  at room temperature, i n  
order t o  d issoc ia te  surface oxides and t o  prevent f u r t h e r  oxide formation 
on iron, oxygen partidl pressures  of l e s s  than mm Hg are required. 
Figure 7 only ind ica tes  a concentration e f f e c t  and not t h e  k i n e t i c s  of sur- 
face  reactions at pressures above those t h a t  are  necessary t o  achieve d i s -  
s oc i at i on. 
A t  
As  t h e  temperature 
The s t a b i l i t y  of  N i O  i s  similar t o  t h a t  f o r  t he  i r o n  oxides. Thus i f  
N i O  can be u t i l i z e d  as a surface fi lm it should not be subject  t o  dissoci-  
a t ion  except at extreme temperatures. Metal su l f ides  and other  inorganic 
compounds a l so  have good s t a b i l i t y  i n  vacuum (e.  g., MoS2 i n  f ig .  6).  
F r i c t ion  and Wear of Polymers 
Fr ic t ion  and wear experiments were conducted i n  vacuum with PTFE and 
PCFE (polychlorotrifluoroethylene) compositions s l i d i n g  on 440-C s t a i n l e s s  
s t e e l  (ref. 20). The r e s u l t s  obtained are presented i n  f igure  8. These 
r e s u l t s  were obtained at a s l i d i n g  ve loc i ty  of 390 f e e t  per  minute with a 
load of 1000 grams on t h e  polymer r i d e r  specimen, at a pressure of mm 
Hg and no external  specimen heating. The f r i c t i o n  coe f f i c i en t s  obtained 
for all PTFE a n d  PCFE compositions of f i gu re  8 were between 0.25 and 0.30, 
which indicated t h a t  t h e  presence of f i l l e r s  i n  PTFE and PCFE had very 
l i t t l e  e f f ec t  on f r i c t i o n  coef f ic ien t .  
The wear of t h e  u n f i l l e d  PTFE and PCFE were high and about t h e  same 
value, which indicated t h a t  t h e  presence of chlor ine i n  t h e  PCFE molecule 
exerted no influence on e i t h e r  f r i c t i o n  or wear of PCFE. Large p a r t i c l e s  
of t h e  polymer abraded from t h e  r i d e r  specimen surface adhered t o  the  d isk  
specimen surface. The s t i cky  nature of t h e  p a r t i c l e s  indicated t h a t  hea t  
generated at t h e  s l i d ing  in t e r f ace  w a s  t ransfer red  t o  t h e  polymer p a r t i c l e s ,  
which increased t h e  surface temperature of t h e  p a r t i c l e s  and caused loca l ized  
or surface degradation. The polymer p a r t i c l e s  were thus  absorbing f r i c t i o n a l  
heat generated i n  the  s l i d i n g  process. 
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The addi t ion  of 25-percent glass  f iber  t o  PTFE did  not influence 
markedly t h e  f r i c t i o n  Obtained with PTFE; it did ,  however, decrease t h e  
rider wear by a f a c t o r  of 100 ( f i g .  8 ) .  With t h e  25-percent g lass - f iber -  
f i l l e d  PCFE t h e  specimen swelled and completely l o s t  i t s  shape (photo- 
graphic i n s e r t  of f i g .  8)  so t h a t  r i de r  wear could not be measured. The 
sof tening point f o r  t h i s  mater ia l  i s  about 400' F. 
ence of gas pockets within the  specimen indicated that t h e  specimen must 
have reached 400° F. 
FTFE, which has a sof tening point of about 550' F. 
wear area of t h e  g l a s s - f i l l e d  PTFE composition revealed t h e  presence of 
very f i n e  black "sootlike" p a r t i c l e s  about t h e  worn area. Chemical analy- 
sis indicated t h a t  t h e  black debris contained i ron,  but about 70 percent 
was carbon. This film w i l l  be discussed later. 
The swelling and pres- 
This r e s u l t  wa6 not obtained with g l a s s - f ibe r - f i l l ed  
Examination of t h e  
With t h e  PCFE compositions, t h e  f a c t  t h a t  t h e  un f i l l ed  composition 
did not s w e l l  and lo se  i t s  shape as d id  t h e  g l a s s - f i l l e d  composition may 
have r e su l t ed  from t h e  a b i l i t y  of the u n f i l l e d  PCFE t o  d i s s ipa t e  a la rge  
quant i ty  of heat i n  t h e  wear p w t i c l e s .  
h ib i t ed  much less wear ,  and t h e  heat generated a t  t h e  s l i d i n g  in t e r f ace  
was therefore  absorbed t o  a large extent by t h e  r i d e r  specimen. 
ence of g l a s s  f ibers i n  t h e  polymer may have increased the  ab i l i ty  of t h e  
heat generated t o  be ca r r i ed  within the polymer body and t o  the  r ider  
specimen holder. 
f o r  PCFE is 0.145; f o r  g lass ,  0.80.) 
not so high as it might have been without t he  d i s s ipa t ion  of some heat  t o  
t h e  metal specimen holder. 
The g l a s s - f i l l ed  composition ex- 
The pres- 
(Thermal conductivity a t  68' F i n  B tu / (h r ) ( sq  f t ) ( ' F ) ( f t )  
Thus, t h e  polymer temperature was 
The f r i c t i o n  and wear of a 25-percent-copper-powder-filled PTFE com- 
pos i t e  was a l s o  determined i n  vacuum. The f r i c t i o n  coef f ic ien t  obtained 
was near ly  t h e  same as obtained with t h e  u n f i l l e d  PTFE ( f i g .  8) .  
wear, however, w&s 100 times l e s s  and was comparable with t h a t  obtained 
with glass-f  i l l e d  PTFE. 
The 
Changing t h e  s l i d i n g  ve loc i ty  w i l l  change t h e  surface temperatures. 
I n  an attempt t o  gain some understanding of t h e  polymer decomposition 
mechanism at  t h e  s l i d i n g  in t e r f ace ,  some f r i c t i o n  experiments w e r e  con- 
ducted at  various s l i d i n g  ve loc i t i e s  using t h e  mass spectrometer t o  iden- 
t i f y  t h e  decomposition products formed. 
products formed ( ion  concentration) as  a funct ion of s l i d i n g  ve loc i ty  f o r  
- - m - - m . . -  mimw --.,.---:+qnn- -.,n,.r.=,n+aa in p i  m,,vpe 
A p lo t  of t h e  decomposition 
V a L l U U U  L A X U  L U I I I ~ V U I U I V ~ ~ U  I Y yrbub- r rvLU A L A  ~ - 6 u - u  9 tc 11. 
I n  figure 9,  with un f i l l ed  PlTE s l i d i n g  on 440-C s t a i n l e s s  s t e e l ,  
t h e  p r inc ipa l  decomposition products observed were mass-charge r a t i o s  
M/e of 31 (CF+) and 50 (CF,'). It i s  i n t e r e s t i n g  t o  note t h a t  as t h e  
s l i d i n g  ve loc i ty  increased a decrease i n  ion concentration f o r  both M/e 
r a t i o s  occurred. Since increasing s l id ing  ve loc i ty  increases surface 
temperature, t h e  reverse  t rend would normally be expected. 
s l i d i n g  ve loc i ty ,  however, r e su l t ed  i n  an  increase i n  t h e  amount of wear 
p a r t i c l e s  generated. 
formed, a grea te r  quant i ty  of heat was d iss ipa ted  by wear p a r t i c l e s ,  and 
a decrease i n  concentration of decomposition products was observed 
( f ig .  9 ) .  
Increasing 
With an increase i n  t h e  mass of wear p a r t i c l e s  
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The decomposition products formed with 25-percent-glass-fi l led PTFE 
s l i d i n g  on 440-C is  shown i n  f i g u r e  10. With t h e  25-percent-glass f i l l e d  
FTFE composition, t he  ion concentration f o r  M / e  1 9  (F'), M/e  31 (CF'), 
and M/e  50 (CF2+) was found t o  increase with increasing s l i d i n g  ve loc i ty .  
This r e s u l t  was not l i k e  t h a t  obtained with u n f i l l e d  P"E, where very 
l i t t l e  M / e  1 9  (F') was observed. With t h e  25-percent-glass-fi l led €"E, 
M / e  1 9  (I?') was t h e  p r inc ipa l  decomposition product detected by t h e  mass 
spectrometer. This r e s u l t  indicated t h a t  carbon t o  f luo r ine  bond cleav- 
age must have occurred a t  t h e  s l i d i n g  in te r face .  
f i l l e d  PTFE was 100 times l e s s  than t h a t  obtained with u n f i l l e d  F"E, and 
t h e  heat ,  therefore ,  w a s  not ca r r i ed  away as read i ly  from t h e  in te r face .  
A t h i n  film of PTFE may have been interposed between t h e  metal  surface 
and t h e  glass  f i b e r s .  As a r e s u l t  of t h e  t h i n  f i l m  present ,  it is  hypo- 
thesized t h a t  local ized decomposition of t h e  FTFE film occurred and in-  
creased with a n  increase i n  s l i d i n g  ve loc i ty  o r  surface temperature. 
presence of carbon on t h e  g l a s s - f i l l e d  PTFE r i d e r  surface was observed, 
and only a small concentration of carbon was observed i n  t h e  mass spec- 
trometer t racing.  This indicated t h a t  t he  decomposition was tak ing  place 
a t  t h e  s l i d ing  in t e r f ace  and not i n  t h e  mass spectrometer. If decomposi- 
t i o n  had occurred i n  t h e  mass spectrometer by carbon t o  f luo r ine  bond 
cleavage, an increase i n  f luo r ide  ion concentration would be accompanied 
by t h e  increase i n  carbon ion concentration, but t h i s  w a s  not observed. 
It must be pointed out ,  however, t h a t  some cleavage of t h e  carbon t o  
f luo r ine  bond should be expected i n  the  mass spectrometer. 
The wear with glass-  
The 
I n  the  s l i d i n g  ve loc i ty  experiments conducted with copper-f i l l e d  
PTFE, very small concentrations were observed f o r  t h e  two M/e r a t i o s ,  
1 9  and 31, over t h e  range of s l i d i n g  v e l o c i t i e s  invest igated ( f i g .  11). 
These r e s u l t s  indicate  t h a t  t h e  decomposition of t h e  PTFE was s l i g h t .  
This e f f ec t  cannot be r e l a t e d  t o  wear because t h e  wear w a s  t h e  same fo r  
both g lass -  and copper-f i l led compositions ( f i g .  8 ) .  With copper, it I s  
believed t h a t  a s imi la r  mechanism prevai led as was observed with g lass ;  
t h a t  is, a t h i n  f i l m  of PTFE was interposed between t h e  copper p a r t i c l e s  
and t h e  metal disk surface functioning as a lubr icant .  Unlike t h e  g l a s s  
f i l l e r s ,  however, copper i s  a good heat conductor. It serves  t o  conduct 
heat away from t h e  in te r face .  The copper d i s s i p a t e s  t h e  heat generated 
and reduces t h e  decomposition of PTFl3. 
copper nominally present i n  t h e  PTFE composition a t  t h e  s l i d i n g  i n t e r -  
face ,  t h e  d i sc re t e  p a r t i c l e s  flow out ,  and t h e  exposed area of i n t e r f ace  
copper increases ( see  br ight  a reas  of photographic i n s e r t  of f i g .  11). 
(Thermal conductivity at  68' F i n  B tu / (h r ) ( sq  f t ) ( O F ) ( f t )  f o r  PTFE is  
0.118; f o r  copper, 226.) 
Although t h e r e  is  only 25-percent 
Since heat r e j e c t i o n  appeared t o  play an important r o l e  i n  t h e  de- 
composition of PTFE, some experiments were conducted with a 15-percent 
g l a s s  composition Sl iding on (1) aluminum oxide (a poor heat  conductor), 
( 2 )  s i l v e r ,  and (3)  copper (both good conductors) t o  determine t h e  in f lu -  
ence of t he  thermal conductivity of t h e  d isk  ma te r i a l  on t h e  wear charac- 
t e r i s t i c s  observed f o r  t h e  g l a s s - f i l l e d  PTFE compositions. The f r i c t i o n  
and wear r e s u l t s  were s i m i l a r  f o r  aluminum oxide and copper d isk  mater ia l s .  
. I  
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A comparison of t h e  mass spectrometer da ta  showed,as might be an t ic ipa ted ,  
t h a t  t h e  concentration of t h e  polymer degradation products was s i g n i f i -  
can t ly  l e s s  with t h e  copper d isk  t h a n  with t h e  aluminum oxide disk.  From 
t h e  preceding discussion, it becomes apparent t h a t  t h e  use of materials 
with high thermal conductivity f o r  mating surfaces  as w e l l  as f o r  f i l l e r s  
of polymers can contr ibute  s ign i f i can t ly  t o  t h e  s t a b i l i t y  of t h e  polymers 
during s l id ing .  
The data f o r  s i lver  were not meaningful for t h e  experiment mentioned 
above because t h e  s i l v e r  t r ans fe r r ed  and adhered t o  t h e  FTFE r i d e r  speci-  
men. The f r i c t i o n  da ta  obtained were c h a r a c t e r i s t i c  of s i l v e r  s l i d i n g  on 
i tself .  
d i s s imi l a r  mater ia l s  is worthy of spec ia l  note. 
The capab i l i t y  of s i l v e r  t o  adhere s t rongly  t o  other  completely 
Because of t h e  encouraging r e s u l t s  obtained i n  evaporation s tudies  
with t h e  polyimide composition ( f i g .  4), some f r i c t i o n  and wear s tud ie s  
w e r e  conducted i n  vacuum 
metals and on i t s e l f .  
sented i n  f igu re  12. 
r i d e r s  on 440-C s t a i n l e s s - s t e e l  disks,  with t h e  polyimide cut  i n  two d i -  
r ec t ions  from t h e  parent mater ia l  block, are compared. Any o r i en ta t ion  
e f f e c t s  are of negl ig ib le  magnitude. Although t h e  f r i c t i o n  f o r  polyimides 
on 480-C s t a i n l e s s  s t e e l  was r e l a t i v e l y  low compared with PTFE, t h e  wear  
t o  t h e  polyimide r i d e r  was somewhat higher than f o r  t h e  f i l l e d  FTW3 compo- 
s i t i o n s  ( f i g .  8 ) .  
f o r  u n f i l l e d  PTFE, however, t h e  w e a r  f o r  t h e  polyimide is  only 1/15 of 
t h a t  obtained with €"E, and t h e  f r i c t i o n  is  a l so  lower. The u n f i l l e d  
polyimide a l s o  had b e t t e r  wear and f r i c t i o n  proper t ies  than t h e  f i l l e d  
PTFE compositions. 
mm Hg) with polyimides s l i d i n g  on both 
The r e s u l t s  obtained i n  these  experiments a r e  pre- 
I n  f igu re  12 the  f r i c t i o n  and wear f o r  polyimide 
If these  r e s u l t s  are compared with those i n  f i g u r e  8 
The f r i c t i o n  coef f ic ien t  obtained with polyimide s l id ing  on polyimide 
was much higher than t h a t  obtained with polyimide s l i d i n g  on 440-C s t a i n -  
less s t e e l .  The w e a r  with polyimide on polyimide, however, was 1/500 of 
t h a t  obtained with polyimide on metal. The polyimide disk specimen did,  
however, show evidence of wear. With t h e  metal d i sk ,  a t h i n  near ly  t r ans -  
parent polyimide f i lm  was t ransfer red  t o  t h e  d isk  surface.  The f i lm  w a s  
not t h i c k  enough t o  be detected i n  surface p r o f i l e  t r a c e s  (magnification 
xl000 i n  t h e  v e r t i c a l  d i r ec t ion ) .  
w e a r  t o  t h e  metal  d i sk  surface.  
It prevented, however, any measureable 
A 15-percent graphi te - f i l l ed  polyimide composition was a l s o  examined 
i n  f r i c t i o n  and w e a r  s tud ies  ( f i g .  1 2 ) .  
polyimide d id  not improve its lubr ica t ing  cha rac t e r i s t i c s  i n  vacuum; r e l a -  
t i v e l y  high f r i c t i o n  and wear were obtained. 
ments were a l s o  conducted with a 20-percent-copper-fiber-filled polyimide 
composition. I n  these  experiments the f i l l e d  polyimides s l i d  on 440-C 
s t a i n l e s s  s t e e l .  Both f r i c t i o n  and wear for  t h e  copper-f iber-f i l led com- 
pos i t i on  were lower than those obtained with t h e  un f i l l ed  composition. 
The f r i c t i o n  and wear obtained with 20-percent-copper-fiber-fi l led 
polyimide were lower than those obtained with 25-percent-copper-powder- 
f i l l e d  PTFE ( f i g .  8)  or any other  compositions containing PTFE or PCFE. 
The presence of graphi te  i n  t h e  
F r i c t ion  and wear experi-  
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The r e s u l t s  obtained i n  t h i s  inves t iga t ion  with polyimides and FTFE 
i n  vacuum indicate  t h e  polyimide t o  be a superior  material t o  PTFE i n  
f r i c t i o n ,  wear, and outgassing cha rac t e r i s t i c s  at modest temperatures. 
The f r i c t i o n  and wear cha rac t e r i s t i c s  were determined f o r  t h e  two 
epoxy compositions examined i n  t h e  evaporation s tudies  of f igu re  5. 
experimental conditions were t h e  same as f o r  t h e  other  polymers i n  obtain- 
ing t h e  comparative da ta  of figures 8 and 12. 
s l i d i n g  on 440-C s t a i n l e s s  s t e e l  produced a f r i c t i o n  coef f ic ien t  of 0.015. 
The w e a r  t o  t h e  r i d e r  specimen was a l s o  very low ( 2 . 7 5 ~ 1 0 ~ ~  cu in .  /hr). 
The epoxy MoS2 composition had f r i c t i o n  and w e a r  as w e l l  as evaporation 
proper t ies  that a r e  a t  l e a s t  comparable with t h e  polyimide and superior  
t o  the  P"I3 compositions reported herein.  
h ib i t ed  very low f r i c t i o n .  The specimen, however, swelled, changed co lor ,  
and developed surface cracks,  which indicated t h a t  thermal decomposition 
had occurred. 
The 
The epoxy MoS2 composition 
The epoxy PTFE composition ex- 
F r i c t i o n  and Wear of Binary Alloys 
The tendency f o r  c lean metals or a l loys  t o  w e l d  i n  vacuum was demon- 
s t r a t e d  i n  reference 3. 
r e a d i l y  i n  vacuwn once r e s idua l  surface oxides and contaminating f i lms  
w e r e  worn away. 
i n  t h e  presence of surface oxides and o ther  f i lms;  based on these r e s u l t s ,  
an approach t h a t  can be taken t o  avoid such welding would be t h e  addi t ion  
of oxides t o  t h e  metal s t ruc tu re .  Thus, a continuous supply of metal  
oxide w u l d  be available from t h e  s t ruc tu re  t o  repiace surface f i lms  t h a t  
are worn away. I n i t i a l  study of t h i s  concept was with binary a l loys .  
The conventional bearing s teel  52100 welded 
Mass welding or se izure  of metal  surfaces  did not occur 
E lec t ro ly t i c  nickel  was used as a base m e t a l ,  and n icke l  oxide ( N i O )  
was incorporated i n  t h e  s t ruc tu re .  Various percentages of t h e  oxide were 
incorporated i n  t h e  s t ruc tu re  of e l e c t r o l y t i c  nickel .  
percentages (kO.08 percent)  of each a l loy ,  i s  presented i n  t a b l e  I. 
The n i cke l  oxide 
A hardness survey of t h e  surface of t h e  n icke l  - n icke l  oxide a l loys  
indicated an average Rockwell hardness of B61 i n  t h e  n i cke l  matrix.  I n  
t h e  areas of f i n e l y  dispersed n icke l  oxide, t h e r e  was a s l i g h t  hardness 
increase.  
t h e  hardness approximated Rockwell B85. The ind iv idua l  oxide p a r t i c l e s  
were too  small for hardness checking. 
In  those areas where l a rge  n i cke l  oxide p a r t i c l e s  segregated, 
The f r i c t i o n ,  wear, and welding c h a r a c t e r i s t i c s  of these  a l loys  were  
next determined i n  vacuum, and t h e  r e s u l t s  obtained are presented i n  f i g -  
ure 13. All t h e  experiments of f i g u r e  13 were s t a r t e d  at an ambient pres-  
sure of 10'' mm Hg; however, considerable outgassing i n  some of the ex- 
periments occasionally raised t h e  pressure t o  mm Hg. 
The coef f ic ien t  of f r i c t i o n  obtained with e l e c t r o l y t i c  n icke l  was 
high (f = 2.42) and e r r a t i c .  
ment, considerable welding and weld breaking occurred and r e s u l t e d  i n  
rap id  changes i n  f r i c t i o n  readings. 
During t h e  p r inc ipa l  por t ion  of t h e  experi- 
Wear measurements t o  t h e  r ider  speci-  
. ,  
composition, percent 
Rockwell hardness B67 B77 B80 
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'25 
B85 B106 (C30) 
men a f t e r  t h e  experiment indicated a w e a r  r a t e  of 5.28~10'~ cubic inch 
per hour. 
i n  t h i s  experiment is  extremely d i f f i c u l t  t o  achieve, because metal is  
being continuously t r ans fe r r ed  back and f o r t h  from one specimen t o  another.  
Examination of both d isk  and r i d e r  surfaces after t h e  experiment revealed 
macroscopic pieces  of t ransfer red  mater ia l  on both specimen surfaces .  
A t r u e  measure of w e a r  under operat ing conditions as described 
The addi t ion  of various percentages of n i cke l  oxide t o  e l e c t r o l y t i c  
n icke l  reduced both f r i c t i o n  and w e a r  of n icke l  i n  vacuum ( f i g .  13). 
coe f f i c i en t  of f r i c t i o n  f o r  t h e  nickel  - nicke l  oxide a l loys  ranged from 
0.5 t o  0.8. 
enced with nickel-base a l loys  i n  air a t  atmospheric pressure.  The r i d e r  
w e a r  decreased t o  less than half  that experienced with e l e c t r o l y t i c  
nickel .  
another decreased with increase i n  nickel  oxide content. 
w i t h  these a l loys ,  t h e  addi t ion  of nickel  oxide t o  nickel  seemed t o  de- 
crease t h e  welding tendency i n  vacuum and t o  reduce f r i c t i o n  and wear t o  
a l i m i t  that would be experienced fo r  nickel-base a l loys  i n  air at atmos- 
pheric  pressure.  
The 
This f r i c t i o n  is  i n  t h e  range of that which might be experi-  
The t r a n s f e r  of la rge  quant i t ies  of metal  from one surface t o  
From the  r e s u l t s  
Although the  addi t ion  of nickel  oxide t o  e l e c t r o l y t i c  n i cke l  improved 
performance i n  v-acum, f r i c t i o n  and w e a r  were s t i l l  high. Consideration 
was t he re fo re  given t o  t h e  production of a s t ruc tu re  t h a t  would be self- 
lubr ica t ing .  
metals indicated that t i n  might be a des i rab le  metal f o r  vacuum lubrica-  
t i o n  appl ica t ions .  
l ub r i ca t ing  c h a r a c t e r i s t i c s  as a t h i n  f i l m ,  and, when alloyed w i t h  a base 
m e t a l  l i k e  nickel ,  w i l l  produce a duplex s t ruc tu re .  
cons i s t s  of a hard matrix with a dispersed s o f t  phase. 
ages of pure t i n  were therefore  alloyed w i t h  e l e c t r o l y t i c  nickel.  
n icke l - t in  compound (Ni3Sn) appeared i n  the  grain-boundary region with 
the addi t ion  of 5 percent t i n  t o  nickel; t he  compound was i d e n t i f i e d  by 
X-ray d i f f r ac t ion .  
a continuous increase i n  concentration of the n icke l - t in  compound occurred 
along t h e  gra in  boundaries. 
vealed a general  increase i n  a l l o y  hardness with increasing t i n  content 
as shown i n  t h e  following t ab le :  
Examination of t he  physical p roper t ies  of various s o f t  
Tin has a low evaporation rate i n  vacuum, has good 
This duplex s t ruc tu re  
Various percent- 
A 
As t h e  percentage of t i n  i n  the a l l o y  was increased, 
Hardness t e s t i n g  of t h e  a l l o y  surface re- 
I n  a l l  s t ruc tu res ,  the  n icke l - t in  comDound he.d 8.n 8.vP~e.ge RnrkETEill h~lrd- 
ness of C50. The r e l a t i v e  hardness o f  n icke l  matrix and addi t ion  phases 
w i l l  be  discussed l a t e r .  
The f r i c t i o n  and wear  cha rac t e r i s t i c s  of the n icke l - t in  a l loys  were 
next determined i n  vacuum (10'' mm Hg), and the  results are presented i n  
' .  
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f i g u r e  14. The addi t ion of 5 percent t i n  t o  nickel  was s u f f i c i e n t  t o  de- 
crease t h e  coef f ic ien t  of f r i c t i o n  from 2.42 t o  0.22 (a  f a c t o r  of approx. 
11). 
These r e s u l t s  demonstrate that a duplex s t ruc tu re ,  when one phase is ca- 
pable of surface flow, i s  extremely e f fec t ive  i n  reducing f ' r iction and 
w e a r .  The coef f ic ien t  of f r i c t i o n  was approximately t h e  same f o r  5 ,  10, 
15, and 20 percent t i n .  For 25 percent t i n ,  an increase i n  f r i c t i o n  was 
observed t h a t  indicated t h a t  t he re  may be an optimum i n  phase concentra- 
t i o n  n e c e s s a r y t o  achieve t h e  minimum i n  f r i c t i o n  coef f ic ien t .  There was, 
however, a continuous decrease i n  wear with increased t i n  content.  (The 
w e a r  decreased from 5 . 2 8 ~ 1 0 ' ~ ~  cu in .  f o r  e l e c t r o l y t i c  n icke l  t o  0.01~10'~ 
cu in.  f o r  25-percent-tin-nickel a l l o y  or  a decrease i n  w e a r  by a f a c t o r  
of more than 500. ) 
The w e a r  decreased t o  one-f i f th  that obtained with pure nickel.  
Sulfur has been used f o r  some time as an addi t ive  t o  steels t o  im-  
prove ease of machining these a l loys  (hence, t h e  term "free machining"). 
It has a l s o  been used i n  various compounds as an extreme pressure addi- 
t i v e  t o  o i l s  and i n  r eac t ive  gas lubr icants  (e .g . ,  su l fu r  hexafluoride) .  
It was therefore  decided t o  incorporate su l fu r  i n  t h e  s t ruc tu re  of pure 
e l e c t r o l y t i c  i ron,  t o  determine t h e  influence of su l fu r  on t h e  f r i c t i o n  
and w e a r  cha rac t e r i s t i c s  of i ron  i n  vacuum. Since su l fu r  is  soluble  
within t h e  i ron  s t ruc tu re  i n  very small mounts  only, any s i zab le  addi- 
t i o n s  of s u l f u r  t o  i ron  should r e s u l t  i n  segregation of t h e  su l fu r ,  as 
i ron  su l f ide ,  along t h e  gra in  boundaries. 
Various amounts of su l fu r  were added, as i ron  su l f ide ,  t o  e l ec t ro -  
The su l fu r  was present as i r o n  su l f ide  within t h e  i ron  s t ruc -  l y t i c  i ron.  
t u r e  as w e l l  as along t h e  gra in  boundaries f o r  a l l  sulfur-containing 
m e l t s .  The considerable amount of s u l f u r  i n  t h e  0.45-percent i ron-sulfur  
a l l o y  resu l ted  i n  a s t ruc tu re  t h a t  has been described as a " c e l l  membrane'' 
or enveloping s t ruc tu re  because of t h e  p a t t e r n  shown by i r o n  s u l f i d e  i n  
t h e  v i c i n i t y  of t h e  gra in  boundaries. 
Some vacuum f r i c t i o n  and w e a r  experiments were next conducted with 
these  iron-sulfur a l loys ,  as wel l  as e l e c t r o l y t i c  i ron ,  and t h e  r e s u l t s  
obtained are presented i n  f igu re  15. 
considerable welding and mass t r a n s f e r  occurred; an  accurate  measure of 
f r i c t i o n  and wear was d i f f i c u l t .  The addi t ion  of less than  0.1 percent 
su l fu r  t o  i ron  r e su l t ed  i n  a decrease i n  t h e  welding tendency f o r  t h e  
a l l o y  at  lo" m Hg. 
of f r i c t i o n  less than 0.3. 
was observed v i sua l ly  t o  decrease with increasing su l fu r  content;  t h i s  
r e s u l t  i s  i l l u s t r a t e d  by f i g u r e  16. 
With e l e c t r o l y t i c  i r o n  (no s u l f u r ) ,  
Further addi t ions of su l fu r  t o  i r o n  gave a coe f f i c i en t  
The welding tendency of t h e  i ron-sulfur  a l loys  
The addi t ion of su l fu r  t o  metals,  i n  general., tends t o  acce le ra t e  
oxidation. I n  order t o  determine t h e  inf luence of var ious ambient pres- 
sures  (oxygen concentrations) on t h e  f r i c t i o n  c h a r a c t e r i s t i c s  of t h e  
0.45-percent i ron-sulfur  a l loy ,  an  experiment was conducted a t  ambient 
pressures from lo-' t o  760 mm Hg. With s u l f u r  present as an oxidat ion 
ca t a lys t  as w e l l  as separate f i l m  former, t h e r e  was a s u f f i c i e n t l y  th i ck  
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f i lm  present at  a l l  pressures t h a t  f r i c t i o n  d id  not change markedly over 
t h e  pressure range from lo-’ t o  760 mm Hg. 
f i l m  was th icker ,  t h e  coef f ic ien t  of f r i c t i o n  remained less than 0.3. 
A t  760 mm Hg, where t h e  oxide 
Good mechanical proper t ies  and improved f r i c t i o n  and wear character-  
i s t i c s  are believed obtainable with other  simple binary n icke l  a l loys .  
Examination of t h e  phase diagrams fo r  t h e  n icke l  a l loys  indicated t h a t  a 
binary nickel-aluminum system would be of i n t e r e s t .  It is possible  t o  
obta in  two in te rmeta l l ic  compounds of n icke l  and aluminum, N i 3 A l  and N u l .  
Based on t h e  phase diagram (ref. 3 2 ) ,  t h r e e  a l l o y  compositions were pre- 
pared with t h e  in te rmeta l l ic  N i Z A 1  i n  a n icke l  matrix. 
t i o n  of NiAl was obtained commercially. The compositions contained 5.5, 
13.3, 16.4, and 27 .1  percent aluminum and had t h e  microstructure shown 
i n  t h e  photomicrographs of f igu re  17. These compositions are three 
a l loys  with an increasing concentration of in te rmeta l l ics  i n  s o l i d  solu- 
t i o n s  (duplex s t r u c t u r e )  and one with a simple in te rmeta l l ic  N i A l  ( 2 7 . 1  
percent a~uminum) . 
A fou r th  composi- 
F r i c t i o n  and wear  experiments were conducted i n  vacuum with t h e  four  
nickel-base a l loys .  The r e s u l t s  obtained i n  these experiments are pre- 
sented i n  figure 17. The f r i c t i o n  coef f ic ien t  d id  not decrease with t h e  
increase i n  t h e  Ni$. compound obtained i n  going from 5.5 t o  13.3 percent 
aluminum. At 16.5 percent aluminum, however, a decrease i n  f r i c t i o n  was 
observed. The r ider  w e a r  continued t o  decrease with an increase i n  per- 
centage of i n t e rme ta l l i c  present.  When, however, su f f i c i en t  aluminum was 
added t o  t h e  a l l o y  so t h a t  only t h e  in te rmeta l l ic  compound N i A l  was pres- 
en t ,  a f’urther s l i g h t  reduction i n  f r i c t i o n  was observed, but t h e  r ider  
wear and t r a n s f e r  increased. Transfer t o  the  disk surface decreased with 
increasing aluminum content f o r  t h e  two-phased s t ruc ture .  Essen t i a l ly  no 
metal t r a n s f e r  was obtained i n  vacum with t h e  simple binary a l l o y  and t h e  
bes t  composition was 16.4 percent aluminum i n  nickel ,  which had a duplex 
in t e rme ta l l i c  s t ruc tu re .  
F r i c t i o n  and Wear of Complex Ferrous 
Alloys Containing Sulfur  
Because improved f r i c t i o n ,  wear, and nonwelding tendencies were ob- 
t a ined  with binary i ron-sulfur  a l loys,  some bearing a l l o y  canposit ions 
were cas t  with t h e  addi t ion  of su l fur  t o  t h e i r  s t ruc tu re  ( table 11). 
Photomicrographs f o r  two of these  a l loys ,  M-2 s teel  and 4 4 0 4  s t a i n l e s s  
steel ,  are presented i n  f igu re  18 together with photomicrographs f o r  t h e  
standard a l l o y  compositions without su l f ide  inclusions.  The standard 
wrought a l loys  have a f i n e  g r a i n  s t ruc ture .  I n  contrast ,  cas t ing  of t h e  
s u l f i d e  inclusion composition r e s u l t s  i n  a very course gra in  s t ruc tu re  
t h e  inclusions appear primarily i n  the gra in  boundary regions of t h e  
a l loy ,  while with 440-C s t a i n l e s s  s t e e l  t h e  su l f ides  appear t o  be dis- 
persed throughout t h e  s t ruc tu re  as well as at t h e  grain boundaries. 
sulfur-modified a l loys  were given ( a f t e r  machining i n t o  specimens and 
j u s t  before being f i n i s h  ground) t h e  same heat treatment as prescribed 
n_ &n%.vA iz f i s x e s  3 ~ l - l  an& (a>.  Wi+,h +,he ncdif ie& x-2 cazp~siticc, & - \ - I  
The 
- 14 - 
f o r  the  standard al loys.  
a l l o y  had s imilar  hardnesses (table 11). 
The wrought a l loys  and the sulfur-modified cas t  
The f r i c t i o n  and wear cha rac t e r i s t i c s  of these  a l loys  were next de- 
termined i n  vacuum 
figure 19. 
wrought standard a l loys ,  t h e  standard a l loys  r ecas t ,  and t h e  su l fu r -  
modified cas t  compositions. 
improvement i n  f r i c t i o n  and wear w i t h  the addi t ion  of su l fu r  t o  t h e  s t ruc-  
t u re .  The unmodified r ecas t  a l l o y s  had f r i c t i o n  and w e a r  p roper t ies  s h i -  
lar t o  t h e  wrought form of the  same a l loys .  
i n  f r i c t i o n  was noted w i t h  52100. I n i t i a l  f r i c t i o n  coe f f i c i en t  values of 
0.68 f o r  the wrought s t ruc tu re  were obtained with r e s idua l  oxides present.  
With wearing away of surface oxides complete welding of t h e  m e t a l  was ob- 
served. A f r i c t i o n  value of 0.54 was obtained with t h e  sulfur-modified 
s t ruc tu re .  
440-C s t a i n l e s s  s t e e l ,  f o r  which a d i f fe rence  i n  w e a r  of about 1000 times 
r e su l t ed  from the addi t ion  of su l fu r .  It i s  of i n t e r e s t  t o  note tha t  
metal t r a n s f e r  was observed with the unmodified M-2 and 440-C a l loys .  
With the addi t ion of su l fu r ,  however, no metal t r a n s f e r  was noted f o r  
e i ther  of t h e  two a l loys .  
mm Hg) and t h e  r e s u l t s  obtained are presented i n  
The f r i c t i o n  and w e a r  experiments were conducted w i t h  the  
I n  general ,  a l l  three compositions showed an 
The most marked improvement 
The grea tes t  reduction i n  w e a r ,  however, was observed w i t h  
The mechanism responsible  f o r  t h e  reduct ion i n  f r i c t i o n ,  w e a r ,  and 
metal t r ans fe r  i s  t h e  formation of a pro tec t ive  surface f i l m  on t h e  a l l o y  
composition by t h e  smearing out of t he  s u l f i d e  phases over it. The su l -  
f i d e  surface f i lm  then s u b s t i t u t e s  f o r  normal metal oxides i n  preventing 
gross metal contact from occurring. 
Since the  r o l e  of t h e  su l f ide  i n  the  a l l o y  i s  t o  provide a protec- 
t ive surface fi lm, some f r i c t i o n  and wear experiments were conducted with 
only one of t h e  two specimens modified by t h e  addi t ion  of s u l f u r  i n  order 
t o  determine whether it was necessary f o r  both t o  contain su l fu r .  It was 
ant ic ipa ted  that  an  e f f ec t ive  f i l m  might be provided by one specimen. 
With t h e  sulfur-modified 440-C r i d e r  s l i d i n g  on t h e  standard 440-C d i sk  
mater ia l ,  su f f i c i en t  s u l f i d e  was continuously present a t  t h e  metal i n t e r -  
face  t o  reduce t h e  f r i c t i o n  from 0.66 t o  0.40; t h e  amount of s u l f i d e  
present ,  however, was not adequate t o  reduce the r i d e r  wear appreciably.  
When the specimen combination was reversed (s tandard 440-C r i d e r  on 
sulfur-modified d i s k ) ,  t h e  f r i c t i o n  was a l s o  about 0.4; t h e  r i d e r  wear, 
however, decreased t o  a value near t h a t  which was obtained with a sulfur-  
modified rider on a sulfur-modified disk.  
Experiments were conducted i n  vacuum with standard and su l fur -  
modified M-2 t o  determine t h e  e f f e c t  of the  su l f ide  f i l m  on f r i c t i o n  
w e a r ,  and surface f a i l u r e  over a range of s l i d i n g  v e l o c i t i e s  t o  near ly  
2000 feet  per minute. There was no s i g n i f i c a n t  change i n  t h e  r e l a t i v e  
effect iveness  of t h e  su l f ide  f i lm  at the  var ious s l i d i n g  v e l o c i t i e s .  
Higher f r i c t i o n  w a s  obtained w i t h  sulfur-containing complex a l loys  
t h a n  w i t h  sulfur-containing i ron.  This r e s u l t  can probably be explained 
by the  presence of su l f ides  other  than FeS i n  t h e  complex a l loys .  
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F r i c t i o n  and Endurance of MoS2 Sol id  Film 
Lubricant Coatings 
The inorganic compound MoS2 i s  known t o  have good lub r i ca t ion  prop- 
Such fslms have a f i n i t e  endurance 
er t ies  i n  vacuum and is widely used (ref.  1). 
using MoS2 is i n  bonded s o l i d  films. 
l i f e  that is very much a funct ion of the bonding mater ia l .  
and w e a r  experiments have been run a t  a pressure of 
load of 1000 grams on a 3/16-inch-radius rider specimen contacting the 
coated f l a t  surface of a r o t a t i n g  disk specimen ( f i g .  2). Low f r i c t i o n  
(f = 0.02 t o  0.08) cha rac t e r i s t i c  of MoSZ alone is usual ly  obtained but 
the  bonding material (e .g . ,  ceramics) i n  some instances does have an ad- 
verse  e f f e c t  on f r i c t i o n .  
A very common method of 
Many f r i c t i o n  
mm Hg with a 
The endurance cha rac t e r i s t i c s  of bonded MoS2 f i lms  are va r i ab le  and 
depend s i g n i f i c a n t l y  on both t h e  bonding media used and the  appl ica t ion  
technique. More consis tent  data have been obtained w i t h  commercial coat- 
ings appl ied i n  t he  laboratory than when applied by the commercial 
sources. Coatings employing s i l icones ,  ceramics, or metal matrix bonding 
agents have shown lower endurance l i v e s  than  phenolic-epoxy or sodium 
s i l i c a t e  formulations. The former mater ia ls  would not usua l ly  survive 
1 hour of operat ion (42,000 cycles)  i n  t h e  f r i c t i o n  and wear experiment. 
The phenolic-epoxy and sodium s i l i c a t e  bonded f i lms  have been the most 
durable of t h e  coatings w i t h  endurance l ives  approaching l m i l l i o n  cycles  
i n  these  experiments. Both of the latter coatings have been used success- 
f u l l y  on the  S-Monel r e t a i n e r s  of b a l l  bearings run i n  vacuum (lom9 mm Hg) 
f o r  periods of about 50 hours. 
( t h e  support bearings of f i g .  2) were operated at 800 t o  4000 rpm w i t h  
50 pounds thrust load on one of them. 
t a i n e r s  made of molded polytetrafluoroethylene with g l a s s  f i b e r s  plus  
MoS2 as f i l lers  have a l s o  been used successful ly  i n  t h i s  appl icat ion.  
These size-204 angular-contact bearings 
Recently, bearings employing re- 
Coatings appl ied using bonding agents adhere l a rge ly  because of 
mechanical bonding. Severe thermal shock such as quenching i n  l i q u i d  
ni t rogen causes the  coating t o  be more subject  t o  mechanical failure. 
Matching of thermal-expansion cha rac t e r i s t i c s  and improved heat t r a n s f e r  
of f i lms  by using metal f i l l e r s  i n  the  bonding media has been s tudied  by 
seve ra l  organizations.  Recent experience with m e t a l  f i l l e r s  i n  bonded 
E G i i i i  i ubr icant  f i l m  was reporteu favorably Yor use i n  vacuum (ref .  25).  
Coatings have a l s o  been explored that u t i l i z e  a chemical bond for 
adherence. One coating i s  obtained by forming a meta l l ic  molybdenum f i lm  
on a m e t a l  surface and subsequently reac t ing  that  surface w i t h  a su l fur -  
containing media i n  a r e t o r t  t o  achieve chemically bonded molybdenum sul-  
f i d e  coating. 
Another complex coating formed by vacuum deposi t ion and chemical 
r eac t ion  u t i l i z i n g  an e lec t ron  beam source f o r  ac t iva t ion  energy has a l s o  
been considered. Limited experience w i t h  such coatings i n  t h e  f r i c t i o n  
apparatus  previously described d id  not show them t o  be superior  t o  the 
previously described coatings.  
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A common method of applying MoS2 t o  m e t a l  surfaces i s  by v-aried bur- 
nishing techniques. One burnishing method has been u t i l i z e d  a t  t h e  Lewis 
Research Center t h a t  has some dis t inguishing features. I n  t h a t  method, 
r igorously cleaned (organic free) m e t a l  surfaces  and a c lean  s o f t  steel  
w i r e  brush were charged with very f i n e  p a r t i c l e s  of M0S2 i n  a previously 
p a r t i a l l y  evacuated and purged dry box f i l l e d  with argon. 
was a ro ta t ing  type and was driven with a small e l e c t r i c  dri l l .  
ing by holding the r o t a t i n g  w i r e  brush f i rmly  against  t h e  m e t a l  surface 
i n  the presence of MoS2 and argon achieved a t  t h e  In te r face  a chemical 
bond. Suf f ic ien t  energy f o r  ac t iva t ion  was provided by f r i c t i o n  of t h e  
r o t a t i n g  w i r e  brush w i t h  t h e  coated surface.  The argon atmosphere pre- 
vented oxidation of t h e  M0S2 so  t h a t  a more des i rab le  r eac t ion  could oc- 
cur.  Electron d i f f r ac t ion  examination of s t e e l  surfaces  burnished i n  
t h i s  manner showed t h e  surface f i lm  t o  be a complex mixture of i ron  and 
molybdenum su l f ides .  
sure  t o  obtain a burnished f i lm t h a t  was about 500 A th ick .  
of t h e  surfaces by vapor and glass bead "blast ing" was found advantageous. 
Glass beads presumably did not remove surface metal but d id  change t h e  
character  of t h e  surface.  This observation suggests that mechanical bond- 
ing as well as chemical bonding is  he lpfu l .  
The w i r e  brush 
Burnish- 
Interference co lora t ion  was used as a cont ro l  mea-  
Pretreatment 
The f r i c t i o n  coef f ic ien t  f o r  t h i s  burnished f i lm (f  = 0.3) was found 
t o  be higher than f o r  most MoS2 f i lms  ( f  = 0.02 t o  0.08). 
was a funct ion of t h e  grea te r  shear r e s i s t ance  of t h e  i ron  su l f ide  con- 
t a in ing  film than t h e  usual M0S2 f i lm.  The endurance c h a r a c t e r i s t i c s  of 
t h e  film were found, however, t o  be except ional ly  good and never less 
than t h e  best  of t h e  more complex bonded f i lms.  The favorable endurance 
cha rac t e r i s t i c s  have been fu r the r  v e r i f i e d  i n  some small-amplitude 
osci l la t ing-bal l -bear ing experiments i n  vacuum. The f i l m  formed i s  so 
t h i n  ( Z X ~ O - ~  i n . )  t h a t  it can be appl ied t o  a l l  t h e  component p a r t s  of 
most rolling-element bearings without causing a to le rance  problem. 
That r e s u l t  
Experience a t  Lewis Research Center with MoS2 coatings has long 
showed tha t  t h e  presence of an organic lubr icant  or other  l i qu ids  had an 
adverse e f f ec t  on endurance l i fe .  
p re fe ren t i a l ly  wet t h e  base metal and any free p a r t i c l e s  of s o l i d s  and 
allow t h e  f r e e  p a r t i c l e s  t o  be displaced from t h e  load bearing area. It 
m s  considered probable t h a t  a s o l i d  f i l m  having a chemical bonding with 
t h e  base metal would be l e s s  subject  t o  t h e  adverse e f f e c t  of t h e  l i q u i d  
on endurance l i fe .  Runs were therefore  made with t h e  burnished MoS2 de- 
scr ibed previously but adding a s m a l l  mount  of a mineral  o i l  known t o  
have low vapor pressure.  
of a 5 percent so lu t ion  of mineral  o i l  i n  xylene. 
i b l y  seemed t o  have evaporated, t h e  d isk  specimen was assembled i n  t h e  
f r i c t i o n  apparatus and held under vacuum f o r  24 hours (at 
p r io r  t o  the  t e s t ,  which was conducted a t  10-9 mm Hg. As  mentioned pre- 
viously,  the  dry burnished f i lm  showed good endurance l i f e  when precoat-  
ing treatment was by e i t h e r  vapor blast or glass-bead b l a s t  methods. 
Figure 20 shows t y p i c a l  burnished specimens after experimental runs i n  
vacuum. When no organics w e r e  added t o  t h e  burnished d isk  sur faces ,  
1-hour t e s t  periods were completed with no evidence of failure. 
It has been considered that t h e  f l u i d s  
The burnished MoSz f i l m  was wetted with 10 drops 
After the xylene vis- 
mm Hg) 
With t h e  
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disk  specimens t h a t  had 
lub r i ca t ing  f i l m  f a i l e d  
been wetted with t h e  organic l i qu ids ,  however, t he  
almost immediately ( i n  l e s s  than  2 min). A darker 
appearance-of t h e  specimens ( see  f i g .  20)-made it qui te  apparent t h a t  some 
re s idua l  organic material was present a f t e r  t h e  vacuum experiments a t  
with MoS2 s o l i d  f i lm  coatings even when a chemical bond is  achieved. 
mm Hg. These r e s u l t s  suggest t h a t  organic l i qu id  should not be used 
i3WMARY OF RESULTS 
From t h e  da ta  obtained i n  t h i s  inves t iga t ion  with var ious lub r i ca t ing  
materials i n  vacuum evaporation, f r i c t i o n ,  and wear s tud ies ,  t h e  following 
summary remarks can be made: 
1. The quant i ty  and nature of decomposition products formed with 
polymers s l i d i n g  on various mater ia ls  is determined both by t h e  mating 
ma te r i a l  and t h e  polymer composition. Variation of the f i l l e r  mater ia l  
i n  polymers can r e s u l t  i n  differences i n  t h e  decomposition mechanism of 
t h e  polymer. With g l a s s - f i l l ed  polytetrafluoroethylene (PTFE) composi- 
t i o n s ,  s u f f i c i e n t  heat  is  generated a t  t h e  s l i d i n g  in t e r f ace  t o  r e s u l t  i n  
carbon t o  f luo r ine  bond cleavage. 
FTFE (a good heat conductor) reduces t h e  decomposition observed. 
The presence of copper as a f i l l e r  i n  
2. The f r i c t i o n  and w e a r  f o r  a copper f i l l e d  polyimide and an epoxy 
MoS2 composition ind ica te  t h a t  as slider mater ia ls  they a r e  superior  t o  
PTFE i n  vacuum at ambient temperatures. Both t h e  polyimide and t h e  epoxy 
MoS2 composition had lower evaporation than PTFE i n  t h e i r  usefu l  tempera- 
ture ranges. 
3. The addi t ion  of 0.4 t o  0.5 percent su l fu r  t o  e l e c t r o l y t i c  i ron ,  
52100, 440-C, and M-2 t o o l  s t e e l  appreciably reduced surface welding nor- 
mally encountered with these  a l loys  i n  vacuum ( lom9 mm H g )  although f r i c -  
t i o n  was not markedly reduced. 
markedly f o r  440-C than f o r  t h e  other a l loys .  
Furthermore, it did reduce wear more 
4. Simple binary nickel-aluminum a l l o y s  were prepared, and one was 
found t o  have superior  f r i c t i o n  and wear propert ies .  
aluminum a l l o y s  examined, a 16.4 percent aluminum i n  n i cke l  composition 
(duplex s t ruc tu re )  exhibi ted t h e  most promising behavior for vacuum ap- 
p l ica t ions .  
O f  t h e  nickel-  
5. The presence of t i n  i n  e l e c t r o l y t i c  nickel  reduced both f r i c t i o n  
and w e a r .  
w e a r  decreased by a f a c t o r  greater than 500. 
The f r i c t i o n  decreased by a f a c t o r  grea te r  than 10, and t h e  
6. The presence of oxygen as nickel oxide i n  e l e c t r o l y t i c  n icke l  
improved fri rt . ion we8-r Froperti PS. 
7. A burnished MoS2 film applied i n  an i n e r t  atmosphere had good 
endurance proper t ies  but gave higher f r i c t i o n  than t h e  bes t  commercially 
available bonded f i lms  containing MoS2. 
achieves a chemical bond with type 440-C s t e e l ;  as with o ther  MoS2 bonded 
films, however, t h e  presence of an organic l i qu id  on t h e  f i l m  had an ad- 
verse  e f f e c t  on endurance l i f e .  
The burnishing method used 
- 18 - 
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TABLE I. - COMPOSITION OF BINARY ALLOY CASTINGS FORMED 
Alloying agent Amount of 
agent added, 
I N  ZIRCONIUM OXIDE CRUCIBLE 
Nickel - 
nickel  oxide 
Nickel oxide 1.50 
2.00 
2.50 
3.00 
5.00 
6.50 
Tin 5.40 
10.80 
16.25 
21.0 
26.50 
I ron  - 
i ron  su l f ide  
Sulfur  added as 
i ron  su l f ide  
0.020 
.040 
. loo 
.250 
.750 
Nickel - 
aluminum 
Aluminum 6.0 
14.0 
16.6 
28.0 
Concentrat ion 
of agent i n  
f in i shed  
specimens, 
percent 
1.35 
1.77 
1.99 
2.52 
4.73 
6.08 
5.03 
9.65 
15.35 
19.65 
25.21 
0.011 
.028 
.054 
.145 
.450 
5.53 
13.24 
16.40 
27.10 
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TAl3LE 11. - SULFUR CONCENTRATIONS IN 
MODIFIED BEARING ALLOYS 
Alloy , 
percent 
440-C 
S-modif ied  4404 
52100 
S-modified 52100 
M- 2 
S-modified M-2 
Sulfur  added, 
percent 
0 
.5 
0 
.5 
0 
.5 
Sulfur  i n  
a l l o y ,  
percent 
0.02 
.44 
.025 
.41 
----- 
.5 
Hardness , 
Rockwell C 
56 
57.5 
60 
60 
65 
65 
. ,  
I w 
ION GAGE ,..-22254 
Fig. 1. -Vacuum evaporation apparatus. 
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Fig. 2. - High-vacuum friction and wear apparatus. 
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Fig. 3. - Evaporation rate for various teflon compositions in vacuum. 
Ambient pressures, 10-7 to 10-8 mm Hg. 
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Fig. 4. - Evaporation rate of polyimide in vacuum. Ambient pressures, 
10-7 to 10-8 mm Hg. 
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Fig. 5. - Evaporation rates for two epoxy compositions in vacuum. 
Ambient pressure, 10-7 mm Hg. 
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Fig. 6. - Evaporation rates for various materials in vacuum. Ambient pressure, 10-6 to mm Hg. 
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Fig. 1. -Oxygen partial pressure necessary to prevent the dissociation 
of metal oxides at various temoeratures. 
10x10'3 
I 
I -z  2 s  
W I -  
0 0 .2 
klL 
L E  
O I L  
0 0  
0 
UNFILLED 25% GLASS 25% UNFILLED 25% GLASS 
M 
PTFE IN PTFE COPPER PCFE IN PCFE 
IN PTFE 
Fig. 8. - Friction and wear of PTFE and PCFE in vacuum. Disk, 440-C stainless steel: sliding 
velocity, 390 feet per minute; load, lo00 grams; ambient pressure, 10-9 mm Hg; no external 
specimen heating. 
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Fig. 9. - Decomposition products of unfilled PTFE obtained in vacuum 
friction studies. Disk, 440-C stainless steel; load, loo0 grams; 
ambient pressure, 10-9 mm Hg; no external specimen heating. 
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Fig. 10. - Decomposition products of 25% glass-filled PTFE obtained in vacuum friction 
studies. Disk, 440-C stainless steel; load, lo00 grams; ambient pressure, 10-9 mm Hg; 
no external specimen heating. 
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Fig. 11. - Decomposition products of 25% copper-filled PTFE obtained in vacuum 
friction studies. Disk, 440-C stainless steel; load, loo0 grams; ambient pres- 
sure, 109 mm Hg; no external specimen heating. 
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Fig. 13. - Friction and wear of nickel - nickel-oxide alloys in vacuum. Slid- 
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Fig. 14. - Friction and wear of tin-nickel alloys in vacuum. Sliding 
velocity, 390 feet per minute; load, loo0 grams; amient pressure, 
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Fig. 15. - Friction and wear of sulfur-iron alloys in vacuum. Sliding velocity, 
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390 feet per minute; load, loo0 grams; ambient pressure, 10-9 mm Hg; duration 
of run, 1 hour.  
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Fig. 17. - Friction and wear for nickel-aluminum alloys In vacuum. Sliding 
velocity, 390 feet per minute: load, loo0 grams; ambient pressure, 10-9 mm 
Hg: duration of run, 1 hour. 
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Fig. 18. - Photomicrographs of M-2 tool steel and 440-C stainless steel modi- 
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Fig. 19. - Coefficient of friction and rider wear for sulfur-modified alloys. Sliding 
'velocity, 390 feet per minute; load, lo00 grams; ambient pressure, 10-9 mm Hg; tem- 
' perature, 75O F; duration of run, 1 hour. 
C-66076 
Burnished MoS2 f i lm with Burnished MoS2 f i lm over Burnished MoS2 f i lm over 
10 drops of 5% HT-103 oil vapor-blasted surface; ran  glass-bead-blasted Surface 
in xylene film over MoS2; f u l l  60 minutes. (no metal removal); ran 
failed in 2.0 minutes. f u l l  60 minutes. 
Fig. 20. - Disk and rider specimens after operation in vacuum. Hardened type 440-C stainless 
steel specimens; sliding velocity, 390 feet per minute; load, 1000 grams; ambient pressure, 
10-9 mm Hg; ambient temperature, 75O F. 
